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The in-medium sum rules are employed to calculate the shifts in the mass and residue as well
as the scalar and vector self-energies of the heavy ΛQ,ΣQ and ΞQ baryons, with Q being b or c
quark. The maximum shift in mass due to nuclear matter belongs to the Σc baryon and it is found
to be ∆mΣc = −936 MeV . In the case of residue, it is obtained that the residue of Σb baryon is
maximally affected by the nuclear medium with the shift ∆λΣb = −0.014 GeV
3. The scalar and
vector self-energies are found to be ΣSΛb = 653 MeV , Σ
S
Σb
= −614 MeV , ΣSΞb = −17 MeV , Σ
S
Λc =
272 MeV , ΣSΣc = −936 MeV , Σ
S
Ξc = −5 MeV and Σ
ν
Λb
= 436± 148 MeV , ΣνΣb = 382± 129 MeV ,
ΣνΞb = 15± 5 MeV , Σ
ν
Λc = 151± 45 MeV , Σ
ν
Σc = 486± 144 MeV and Σ
ν
Ξc = 1.391 ± 0.529 MeV .
PACS numbers: 21.65.-f, 14.20.Mr, 14.20.Lq, 11.55.Hx
I. INTRODUCTION
The investigation of the in-medium properties of
hadrons constituents one of the main directions of the
research in high energy and particle physics both theo-
retically and experimentally. Such studies can help us
not only better understand the structure of the hot and
dense astrophysical objects like the neutron stars and an-
alyze the results of the heavy ion collision experiments,
but also get valuable knowledge on the perturbative and
non-perturbative aspects of QCD and the nature of the
quark-gluon plasma as the new phase of matter. From
the experimental side, the PANDA and CBM collabo-
rations at FAIR aim to study the in-medium properties
of not only the standard but also the non-conventional
exotic states newly discovered by different collaborations
[1–7].
From the theoretical side, it can be found many stud-
ies devoted to the in-medium properties of the light and
heavy mesons as well as the light baryons (see for in-
stance [8–21]). In the heavy baryon sector, however,
there are few works dedicated to the investigation of the
spectroscopic parameters of the heavy baryons in nuclear
medium [22–24]. In these studies, the authors use the
Ioffe current to study some properties of heavy and dou-
bly heavy baryons.
In the present study, we use the interpolating currents
with an arbitrary mixing parameter to investigate the
shifts in the mass and pole residue of the heavy ΛQ,ΣQ
and ΞQ baryons due to the nuclear medium. We employ
the in-medium QCD sum rule approach to calculate also
the scalar and vector self-energies of those baryons by fix-
ing the mixing parameter entered the interpolating cur-
rents according to the standard prescriptions. We shall
note that we do not analyze the heavy ΩQ baryon here
since the nuclear matter considered in the present work
does not affect the parameters of the ΩQ baryon consid-
erably as it does not contain the u or d quark. One may
investigate the shifts on the parameters of this baryon in
hyperonic and strange matters or nuclear medium with
strange component.
This work is organized as follows. In section II, we ob-
tain the in-medium QCD sum rules for mass and residue
as well as the scalar and vector self-energies of the heavy
ΛQ,ΣQ and ΞQ baryons in nuclear matter. In section
III, the numerical analyses of sum rules are performed
and the results are compared with those of the vacuum
and other predictions obtained via Ioffe currents in the
literature. Last section contains our concluding remarks.
Some lengthy expressions obtained during calculations
are moved to the Appendix.
II. MASS, RESIDUE AND SELF ENERGIES OF
HEAVY BARYONS IN NUCLEAR MATTER
In order to calculate the mass, residue as well as the
scalar and vector self-energies of the heavy baryons using
the QCD sum rule method in nuclear medium, the first
step is to construct an in-medium two point correlation
function:
Π = i
∫
d4xeip·x〈ψ0|T [JBQ(x)J¯BQ (0)]|ψ0〉 (1)
where p is the four momentum of the heavy baryon, |ψ0〉
is the nuclear matter ground state and JBQ is the inter-
polating current of the heavy BQ = ΛQ,ΣQ,ΞQ baryons.
These interpolating currents are given as
JΣQ = −
1√
2
ǫabc
{(
qaT1 CQ
b
)
γ5q
c
2 + β
(
qaT1 Cγ5Q
b
)
qc2
−
[(
QaTCqb2
)
γ5q
c
1 + β
(
QaTCγ5q
b
2
)
qc1
]}
,
JΛQ,ΞQ =
1√
6
ǫabc
{
2
(
qaT1 Cq
b
2
)
γ5Q
c + 2β
(
qaT1 Cγ5q
b
2
)
Qc
+
(
qaT1 CQ
b
)
γ5q
c
2 + β
(
qaT1 Cγ5Q
b
)
qc2
+
(
QaTCqb2
)
γ5q
c
1 + β
(
QaTCγ5q
b
2
)
qc1
}
(2)
2where a, b, c are color indices and C is the charge conjuga-
tion operator. The parameter β is an arbitrary auxiliary
parameter with β = −1 being corresponding to the Ioffe
current, which is obtained after a Fierz transformation
[25] (for more details on the interpolating fields see [25–
28]). The quark fields q1 and q2 for different members
are given in table I.
Λ
0(+)
b(c) Σ
0(+)
b(c) Ξ
0(+)
b(c)
q1 u u u
q2 d d s
TABLE I: The quark flavors q1 and q2 for the baryons under
consideration.
In accordance with the standard philosophy of the
method used, we shall calculate the aforesaid correla-
tion function in hadronic and operator product expansion
(OPE) sides. Matching the coefficients of different struc-
tures from these two sides through a dispersion relation
leads to the sum rules for the different observables. In the
hadronic side a complete set of heavy BQ baryon with the
same quantum numbers as the interpolating currents is
inserted into the correlation function. After performing
integral over four-x we get
ΠHad = −〈ψ0|JBQ(0)|BQ(p
∗, s)〉〈BQ(p∗, s)|J¯BQ(0)|ψ0〉
p∗2 −m∗2BQ
+..., (3)
where |BQ(p∗, s)〉 is the heavy baryon state with spin s
and in-medium momentum p∗ and ... represents the con-
tributions of the higher states and the continuum. In the
above equation, m∗Q is the modified mass of the heavy
baryon in medium. The matrix elements seen in the
above equation can be parametrized as
〈ψ0|JBQ(0)|BQ(p∗, s)〉 = λ∗BQuBQ(p∗, s)
〈BQ(p∗, s)|J¯BQ(0)|ψ0〉 = λ¯∗BQ u¯BQ(p∗, s) (4)
where λ∗BQ is the modified residue or the coupling
strengths of the heavy baryon to nuclear medium and
uBQ(p
∗, s) is the in-medium Dirac spinor. Using Eq. (4)
in Eq. (3) and summing over the spins of the heavy
baryon, the hadronic side of the in-medium correlation
function can be written as
ΠHad = −
λ∗2BQ(6p∗ +m∗BQ)
p∗2 −m∗2BQ
+ ... = −
λ∗2BQ
6p∗ −m∗BQ
+ ...
= −
λ∗2BQ
(pµBQ − Σ
µ
νBQ
)γµ − (mBQ +ΣSBQ)
+ ..., (5)
where ΣµνBQ and Σ
S
BQ
are the vector and scalar self-
energies of the heavy baryon in nuclear matter, respec-
tively [29]. The vector self energy can be written as
ΣµνBQ = Σ
ν
BQu
µ +Σ′νBQp
µ
BQ
, (6)
where uµ is the four velocity of the nuclear medium and
we ignore Σ′νBQ because of its small value [30] . The four-
velocity of the nuclear matter creates extra structures to
the correlation function compared to the vacuum QCD
sum rules. The calculations are performed in the rest
frame of the nuclear medium, i.e. uµ = (1, 0). After the
substitution of Eq. (6) into Eq. (5), we get the hadronic
side of the correlation function in terms of three different
structures as
ΠHad = ΠHadp (p
2, p0) 6p+ΠHadu (p2, p0) 6u
+ ΠHadS (p
2, p0)I + ..., (7)
here p0 is the energy of the quasi-particle, I is the unit
matrix and
ΠHadp (p
2, p0) = −λ∗2BQ
1
p2 − µ2BQ
,
ΠHadu (p
2, p0) = +λ
∗2
BQ
ΣνBQ
p2 − µ2BQ
,
ΠHadS (p
2, p0) = −λ∗2BQ
m∗BQ
p2 − µ2BQ
, (8)
where m∗BQ = mBQ + Σ
S
BQ
and µ2BQ = m
∗2
BQ
− Σν2BQ +
2p0Σ
ν
BQ
. After applying the Borel transformation with
respect to p2, we obtain
BˆΠHadp (p
2, p0) = λ
∗2
BQe
−µ2BQ
/M2
,
BˆΠHadu (p
2, p0) = −λ∗2BQΣνBQe
−µ2BQ
/M2
,
BˆΠHadS (p
2, p0) = λ
∗2
BQm
∗
BQe
−µ2BQ
/M2
, (9)
whereM2 is the Borel mass parameter to be fixed in next
section.
The QCD representation of the correlation function
is derived in the deep Euclidean region. The correlator
in this side is also decomposed in terms of the selected
structures as
ΠQCD = ΠQCDp (p
2, p0) 6p+ΠQCDu (p2, p0) 6u
+ ΠQCDS (p
2, p0)I. (10)
To calculate the correlation function in QCD side, we
insert the interpolating currents (2) into the correlation
function (1) and perform the contractions of the quark
pair using the Wick’s theorem. As a result, we get expres-
sions presented in the Appendix for different particles in
terms of the heavy and light quark propagators.
To proceed, we need to know the expressions for the
quark propagators in the coordinate space. In the fixed
point gauge, the light and heavy quark propagators are
3chosen as
Sijq (x) =
i
2π2
δij
1
(x2)2
6x − mq
4π2
δij
1
x2
+ χiq(x)χ¯
j
q(0)
− igs
32π2
FAµν(0)t
ij,A 1
x2
[ 6xσµν + σµν 6x] + · · · ,
SijQ (x) =
i
(2π)4
∫
d4ke−ik·x
{
δij
6k −mQ
−gsF
A
µν(0)t
ij,A
4
σµν(6k +mQ) + (6k +mQ)σµν
(k2 −m2Q)2
+
π2
3
〈αsGG
π
〉δijmQ k
2 +mQ 6k
(k2 −m2Q)4
+ · · ·
}
, (11)
where χiq and χ¯
j
q are the Grassmann background quark
fields, FAµν are classical background gluon fields, and
tij,A = λ
ij,A
2 with λ
ij,A being the standard Gell-Mann
matrices. The quark, gluon and mixed condensates are
defined in terms of different operators in nuclear mat-
ter. To avoid from redundancy, we do not present their
explicit expressions here, but refer the readers to Refs.
[16, 30] for more details.
The QCD side of the correlation function in the Borel
scheme can be written in terms of the perturbative and
non-perturbative parts as
B̂ΠQCDp,u,S (p
2, p0) = B̂Π
Pert
p,u,S(p
2, p0) + B̂Π
qq
p,u,S(p
2, p0)
+B̂ΠGGp,u,S(p
2, p0) + B̂Π
qGq
p,u,S(p
2, p0)
+B̂Πqqqqp,u,S(p
2, p0), (12)
where Pert represents the perturbative part and the up-
per indices qq, GG, qGq and qqqq denote the contribu-
tions of two-quark, two-gluon, mixed and four-quark con-
densates, respectively. Writing each function in terms of
the even and odd parts as B̂Πij(p
2, p0) = B̂Π
i
j,E(p
2, p0)+
p0B̂Π
i
j,O(p
2, p0), for the structure 6 p and ΛQ baryon we
obtain
B̂ΠPertp,E (p
2, p0) =
1
2048π4
(5 + 2β + 5β2)
∫ s0
m2
Q
{
m8Q − 8m6Qs+ 8m2Qs3 − s4 + 12m4Qs2Log[m2Q/s]
}e− sM2
s2
ds,
B̂ΠPertp,O (p
2, p0) = 0,
B̂Πqqp,E(p
2, p0) =
1
1728π2
∫ s0
m2
Q
{
− (m2Q − s)2
[(
9(1 + 4β − 5β2)mQs+ 4(19 + 7β + 19β2)mq(2m2Q + s)
)
〈u¯u〉ρN
−
(
2i(17 + 2β + 17β2)(2m2Q + s)
)
〈u†iD0u〉ρN
+
(
9(1 + 4β − 5β2)mQs+ 4(19 + 7β + 19β2)mq(2m2Q + s)
)
〈d¯d〉ρN
−
(
2i(17 + 2β + 17β2)(2m2Q + s)
)
〈d†iD0d〉ρN
]}e− sM2
s3
ds,
B̂Πqqp,O(p
2, p0) =
1
288π2
∫ s0
m2Q
{(
(7 + 4β + 7β2)(m2Q − s)2(2m2Q + s)
)
〈u†u〉ρN
+
(
(7 + 4β + 7β2)(m2Q − s)2(2m2Q + s)
)
〈d†d〉ρN
}e− sM2
s3
ds,
B̂ΠGGp,E(p
2, p0) =
1
3072π2
(1 + β)2
∫ s0
m2
Q
{
(m2Q − s)
[
2m4Q + 11m
2
Qs+ 3s
2
]
〈αs
π
G2〉ρN
}e− sM2
s3
ds,
B̂ΠGGp,O(p
2, p0) = 0,
B̂ΠqGqp,E(O)(p
2, p0) = 0, (13)
where s0 is the continuum threshold and we do not show
the even and odd parts of B̂Πqqqqp,u,S(p
2, p0) here because
of their very lengthy expressions. The four-quark con-
densate is poorly known in the nuclear medium. Hence,
by the help of a density dependent factor, it is factorized
into multiplication of two two-quark condensates. The
value of this factor is determined by examination of its
effect on predictions from QCD sum rules (for details see
[25]) . As the impact of this factor is very weak in the
case of heavy baryons we use the naive factorizations [30]
〈qaαq¯bβqcγ q¯dδ〉ρN ≃ 〈qaαq¯bβ〉ρN 〈qcγ q¯dδ〉ρN
− 〈qaαq¯dδ〉ρN 〈qcγ q¯bβ〉ρN , (14)
4in the case of same quarks and
〈qaαq¯bβq′cγ q¯′dδ〉ρN ≃ 〈qaαq¯bβ〉ρN 〈q′cγ q¯′dδ〉ρN (15)
for different quarks as well as the expansion [30],
〈qaα(x)q¯bβ(0)〉ρN = −
δab
12
[(
〈q¯q〉ρN + xµ〈q¯Dµq〉ρN
+
1
2
xµxν〈q¯DµDνq〉ρN + ...
)
δαβ
+
(
〈q¯γλq〉ρN + xµ〈q¯γλDµq〉ρN
+
1
2
xµxν〈q¯γλDµDνq〉ρN + ...
)
γλαβ
]
,
(16)
in terms of the operators having 3, 4 and 5 mass dimen-
sions in nuclear matter. We ignore from the contributions
of the more than four-quark and two-gluon operators as
their values are unknown at finite density (for more de-
tails see for instance [30]).
As a final goal, the coefficients of three structures from
both hadronic and QCD sides are matched. This leads
to the following sum rules:
λ∗2BQe
−µ2BQ
/M2
= B̂ΠQCDp ,
−λ∗2BQΣνBQe
−µ2BQ
/M2
= B̂ΠQCDu ,
λ∗2BQm
∗
BQe
−µ2BQ
/M2
= B̂ΠQCDS . (17)
By solving these equations and an extra equation, that
is obtained by applying a derivative to both sides of the
first equation with respect to −1/M2, simultaneously we
find the parameters λ∗BQ ,m
∗
BQ
,ΣνBQ and µBQ as
µ2BQ(s0,M
2, β) =
dB̂ΠQCDp /d(−1/M2)
B̂ΠQCDp
,
λ∗2BQ(s0,M
2, β) = e
µ2BQ
/M2
B̂ΠQCDp ,
ΣνBQ(s0,M
2, β) = − B̂Π
QCD
u
B̂ΠQCDp
,
m∗Bq (s0,M
2, β) =
B̂ΠQCDS
B̂ΠQCDp
. (18)
Alternatively, we can use the previously introduced rela-
tion,
m∗2Bq (s0,M
2, β) = µ2BQ +Σ
ν2
BQ − 2p0ΣνBQ , (19)
to find the mass of the baryons under consideration at
finite density.
Here we should remark that by the method used for the
in-medium heavy baryons in the present study including
the Borel transformation with respect to p2 and the cho-
sen continuum threshold we automatically extracted the
contributions of the particles with positive energy exci-
tations. This can be considered as an alternative to the
canonical approach to in-medium QCD sum rules for nu-
cleons [30, 31], which uses Cauchy’s theorem in the p0
plane with a cut along the full Im[p0] = 0 axis thus in-
cluding necessarily positive and negative frequencies at
fixed ~p. For the light baryons especially the nucleons
which contain exactly the same quark ingredients with
the medium one shall consider both the particle and an-
tiparticle contributions at fixed three-momentum of the
particles and separate the contributions of the positive
frequency particles by the help of an appropriate weight
function (for details see also [25]).
III. NUMERICAL RESULTS AND DISCUSSION
The numerical analyses of the QCD sum rules for the
mass, pole residue, scalar and vector self-energies of the
heavy ΛQ,ΣQ and ΞQ in nuclear medium, require the val-
ues of quark and baryon masses, nuclear matter density,
different in-medium quark, gluon and mixed condensates,
etc. Their numerical values are collected in table II.
Note that we use the average value y = 0.05 to perform
the numerical analyses.
Besides the above input parameters, the sum rules ob-
tained for the mass, residue and self energies of heavy
baryons contain three more auxiliary parameters that
should be fixed: the Borel parameterM2, the continuum
threshold s0 and the mixing parameter β. The standard
way in determining the working regions of these param-
eters is that the physical observables demonstrate weak
dependence on them. The continuum threshold is not
5Input parameters Values
p0 mBQ
mu ; md ; ms 2.3
0.7
−0.5 MeV ; 4.83
0.5
−0.3 MeV ; 95± 5 MeV [32]
mb ; mc 4.78± GeV ; 1.275 ± 0.025 GeV [32]
mΛb ; mΛc 5619.51 ± 0.23 MeV ; 2286.46 ± 0.14 MeV [32]
mΣb ; mΣc 5811.3 ± 1.9 MeV ; 2452.9 ± 0.4 MeV [32]
mΞb ; mΞc 5791.8 ± 0.5 MeV ; 2467.93
+0.28
−0.40 MeV [32]
ρN (0.11)
3 GeV 3 [33]
〈q†q〉ρN ; 〈s
†s〉ρN
3
2
ρN ; 0 [33]
〈q¯q〉0 ; 〈s¯s〉0 (−0.241)
3 GeV 3 ; 0.8 〈q¯q〉0 [34, 35]
mq 0.5(mu +md) [33]
σN ; σN0 0.045 GeV ; 0.035 GeV [33]
y 0.04± 0.02 [36]; 0.066 ± 0.011 ± 0.002 [37]
〈q¯q〉ρN ; 〈s¯s〉ρN 〈q¯q〉0 +
σN
2mq
ρN ; 〈s¯s〉0 + y
σN
2mq
ρN [33]
〈q†gsσGq〉ρN ; 〈s
†gsσGs〉ρN −0.33 GeV
2ρN ; −y0.33 GeV
2ρN [33]
〈q†iD0q〉ρN ; 〈s
†iD0s〉ρN 0.18 GeV ρN ;
ms〈s¯s〉ρN
4
+ 0.02 GeV ρN [33]
〈q¯iD0q〉ρN ; 〈s¯iD0s〉ρN
3
2
mqρN ≃ 0 ; 0 [33]
m20 0.8 GeV
2 [34, 35]
〈q¯gsσGq〉0 ; 〈s¯gsσGs〉0 m
2
0〈q¯q〉0 ; m
2
0〈s¯s〉0
〈q¯gsσGq〉ρN ;〈s¯gsσGs〉ρN 〈q¯gsσGq〉0 + 3 GeV
2ρN ; 〈s¯gsσGs〉0 + 3y GeV
2ρN [33]
〈q¯iD0iD0q〉ρN ;〈s¯iD0iD0s〉ρN 0.3 GeV
2ρN −
1
8
〈q¯gsσGq〉ρN ; 0.3y GeV
2ρN −
1
8
〈s¯gsσGs〉ρN [33]
〈q†iD0iD0q〉ρN ;〈s
†iD0iD0s〉ρN 0.031 GeV
2ρN −
1
12
〈q†gsσGq〉ρN ; 0.031y GeV
2ρN −
1
12
〈s†gsσGs〉ρN [33]
〈αs
pi
G2〉0 (0.33± 0.04)
4 GeV 4 [34, 35]
〈αs
pi
G2〉ρN 〈
αs
pi
G2〉0 − 0.65 GeV ρN [33]
TABLE II: Numerical values for input parameters. Note that we use the average value y = 0.05 to perform the numerical
analyses.
totally arbitrary but it depends on the energy of the first
excited state with the same quantum numbers. This pa-
rameter is related to the beginning of the continuum in
the channels under consideration. If the ground state
mass is given by mBQ ,
√
s0 −mBQ is the energy needed
to excite the particle to its first excited state. According
to the standard prescriptions and considering the masses
of the first excited states in the channels under study, we
choose this energy in the interval 0.1 GeV − 0.4 GeV ,
which leads to the following intervals for the b-baryons
under consideration:
32.7 GeV 2 6 sΛb0 6 36.2 GeV
2,
34.9 GeV 2 6 sΣb0 6 38.6 GeV
2,
34.7 GeV 2 6 sΞb0 6 38.3 GeV
2 (20)
for the c-baryons we get
5.7 GeV 2 6 sΛc0 6 7.2 GeV
2,
6.5 GeV 2 6 sΣc0 6 8.1 GeV
2,
6.6 GeV 2 6 sΞc0 6 8.2 GeV
2. (21)
Our analyses show that in these intervals, the dependence
of the physical parameters on the continuum threshold
is weak. The standard criteria in calculating the Borel
window are that not only the pole contribution exceeds
the contributions of the higher states and continuum but
also the series of OPE converge, i.e. the higher operators
contribute less to the total integral compared to the lower
operators and the perturbative contribution overcomes
to the nonperturbative ones. These criteria lead to the
following intervals:
5 GeV 2 6 M2 6 8 GeV 2 for Λb,Σb,Ξb, (22)
and
3 GeV 2 6 M2 6 6 GeV 2 for Λc,Σc,Ξc. (23)
The pole dominance together with the aforesaid inter-
vals for the Borel and threshold parameters lead to the
following windows to the parameter β
−0.6 6 x 6 −0.4 and 0.4 6 x 6 0.6. (24)
where we used x = cos θ with θ = tan−1 β notation to
explore the whole region from −∞ to +∞ by varying
x in the interval [−1, 1]. Note that the Ioffe current
with x = −0.71 remains out of the reliable regions in
our calculations. Our numerical calculations show that
in the above regions the results relatively show weak de-
pendence on the x or β.
Now, we proceed to numerically analyze the sum rules
obtained for the physical observables using these working
6windows and the values of other input parameters. To
this end, first of all, in order to show how the OPE con-
verges in our calculations we compare the variations of
perturbative part, two-quark condensate, two-gluon con-
densate, mixed condensate and four-quark condensate
with approximations in Eqs. (14) and (15) for instance
in Λb channel and 6 p structure with respect to M2 at
average values of other auxiliary parameters in figure 1.
From this figure, we see that the OPE nicely converges,
FIG. 1: Variations of perturbative part, two-quark conden-
sate, two-gluon condensate, mixed condensate and four-quark
condensate in Λb channel and 6p structure with respect to M
2
at average values of s0 and x.
i.e., the perturbative part exceeds the nonperturbative
contributions and the contributions reduce with increas-
ing the dimension. Note that as is also clear from Eq.
(13) the contribution of mixed condensate is exactly zero
since the terms containing the mixed condensate have no
imaginary parts and do not contribute to the spectral
density. We also see that the four-quark condensate has
least contribution to the sum rules and the approxima-
tions (14) and (15) seem reasonable. Similar results are
obtained for other channels and structures. We plot the
quantities under consideration, i.e. masses, residues, the
vector self-energies with respect to M2 at average values
of the threshold and mixing parameters in figures 2-10
for both the nuclear medium and vacuum. Only in the
case of vector self energies we depict their variations with
respect to the Borel parameter for different particles in
medium since they do not exist in the vacuum. We shall
also remark that we calculate the scalar self energies via
the shifts in masses compared to their vacuum values,
hence we do not plot their variations with respect toM2,
separately. First of all, we see that these figures depict
considerable shifts on the values of observables due to
nuclear matter when we compare them with their vac-
uum values. The next issue that should be emphasized
is: the physical observables under consideration overall
show weak dependence on the Borel parameter both in
vacuum and nuclear medium in the selected windows.
Extracted from the numerical calculations, we present
the average numerical results for different quantities for
both the nuclear matter and vacuum and also both the
b and c-baryons in tables III-V. The quoted errors in the
values are due to the uncertainties coming from the cal-
culations of the working regions of auxiliary parameters,
errors of different input parameters as well as those re-
lated to different approximations used in the analyses.
We present the existing predictions for parameters in ΛQ
and ΣQ channels obtained via Ioffe current [22, 23] in
tables III and IV as well.
FIG. 2: The mass of the Λb baryon (left panel) and the Λc baryon (right panel) versus M
2 in vacuum and nuclear medium at
average values of s0 and x.
7FIG. 3: The residue of the Λb baryon (left panel) and the Λc baryon (right panel) versus M
2 in vacuum and nuclear medium
at average values of s0 and x.
FIG. 4: The vector self-energy of the Λb baryon (left panel) and the Λc baryon (right panel) versus M
2 in nuclear medium at
average values of s0 and x.
λΛb [GeV
3] λ∗Λb [GeV
3] mΛb [GeV] m
∗
Λb
[GeV] ΣνΛb [MeV] Σ
S
Λb
[MeV]
Present study 0.044 ± 0.008 0.032 ± 0.006 5.614 ± 0.345 6.267 ± 0.175 436± 148 653
Ioffe current [22] 0.027 ± 0.003 0.026 ± 0.003 5.618+0.078−0.104 5.678
+0.077
−0.103 32± 1 60
λΛc [GeV
3] λ∗Λc [GeV
3] mΛc [GeV] m
∗
Λc [GeV] Σ
ν
Λc [MeV] Σ
S
Λc [MeV]
Present study 0.044 ± 0.012 0.035 ± 0.010 2.295 ± 0.251 2.567 ± 0.362 151 ± 45 272
Ioffe current [22] 0.022 ± 0.002 0.021 ± 0.001 2.284+0.049−0.078 2.335
+0.045
−0.072 34± 1 51
TABLE III: The numerical values of residues, masses in vacuum and nuclear matter, vector self-energies in nuclear matter and
scalar self-energies of Λb and Λc baryons.
λΣb [GeV
3] λ∗Σb [GeV
3] mΣb [GeV] m
∗
Σb
[GeV] ΣνΣb [MeV] Σ
S
Σb
[MeV]
Present study 0.031 ± 0.010 0.017 ± 0.005 5.810 ± 0.241 5.196 ± 0.667 382 ± 129 -614
Ioffe current [23] 8.73+0.90−0.65 × 10
−3 1.25+0.08−0.04 × 10
−2 3.56+0.14−0.10 3.33
+0.09
−0.07 776
+42
−35 -375
λΣc [GeV
3] λ∗Σc [GeV
3] mΣc [GeV] m
∗
Σc [GeV] Σ
ν
Σc [MeV] Σ
S
Σc [MeV]
Present study 0.021 ± 0.007 0.011 ± 0.004 2.451 ± 0.208 1.515 ± 0.321 486 ± 144 -936
Ioffe current [23] 1.99+0.29−0.26 × 10
−2 2.46+0.22−0.16 × 10
−2 1.40+0.08−0.05 1.33
+0.06
−0.03 446
+35
−27 -123
TABLE IV: The numerical values of residues, masses in vacuum and nuclear matter, vector self-energies in nuclear matter and
scalar self-energies of Σb and Σc baryons.
8λΞb [GeV
3] λ∗Ξb [GeV
3] mΞb [GeV] m
∗
Ξb
[GeV] ΣνΞb [MeV] Σ
S
Ξb
[MeV]
Present study 0.054 ± 0.012 0.050 ± 0.018 5.812 ± 0.179 5.795 ± 0.127 15± 5 -17
λΞc [GeV
3] λ∗Ξc [GeV
3] mΞc [GeV] m
∗
Ξc [GeV] Σ
ν
Ξc [MeV] Σ
S
Ξc [MeV]
Present study 0.056 ± 0.021 0.054 ± 0.020 2.466 ± 0.118 2.461 ± 0.130 1.391 ± 0.529 -5
TABLE V: The numerical values of residues, masses in vacuum and nuclear matter, vector self-energies in nuclear matter and
scalar self-energies of Ξb and Ξc baryons.
A quick glance at these tables leads to the following
results:
• the values of masses obtained in vacuum (mBQ)
are in nice consistencies with the experimental data
presented in table II and borrowed from PDG [32].
The results of vacuum residues λBQ are also consis-
tent with the predictions of, for instance, Ref. [38]
obtained by employing the vacuum sum rules.
• The values for the masses and residues obtained
in nuclear medium (m∗BQ and λ
∗
BQ
) show consider-
ably large shifts from their vacuum values. These
shifts are large in ΛQ and ΣQ channels compared
to the ΞQ baryon. This is an expected situation
since ΛQ and ΣQ baryons contain both the up and
down quarks interacting with nuclear matter of the
same quark content, while the ΞQ baryon includes
only one of them and the strange quark.
• The maximum and minimum shifts in the masses
due to nuclear medium belong to Σc and Ξc
baryons, respectively. The maximum and mini-
mum deviations of the in-medium residues from
their vacuum values belong to Σb and Ξc baryons,
respectively.
• The maximum vector self-energy belongs to the Σc
baryon, while its minimum value corresponds to Ξc
channel.
• The mass shifts in Λb,c channels are positive against
the negative mass shifts in Σb,c and Ξb,c channels.
The sign of shifts in the residues for all channels
are negative.
• Although our results for the vacuum masses in ΛQ
channel are consistent with those of [22], our pre-
dictions for the vacuum masses mΣb and mΣc dif-
fer considerably with those of [23]. The ΣQ baryon
masses obtained in [23] in the ρN → 0 limit are
much more smaller than the experimental data due
to the unequal pole residues from different struc-
tures considered in this work, therefore the authors
normalize the masses to the experimental data to
obtain the scalar self-energies presented in table IV.
• The in-medium results for masses, residues and
self energies as well as the vacuum residues overall
show large discrepancies between our predictions
and those of [22, 23]. This can be attributed to
the different working regions of auxiliary parame-
ters used in [22, 23]. Remind that the Ioffe current
used in these works remains outside of the reliable
region for the mixing parameter entered to the cur-
rents in our case. When comparing the sign of the
self energies in our work and the existing predic-
tions from [22, 23] we see that the vector and scalar
self energies have the same signs in these studies.
• The amount of shifts due to nuclear medium in our
case are overall large compared to the results of [22,
23] in ΛQ and ΣQ channels. In [22] and ΛQ channel
some parameters like residues have not even been
affected by the medium noticeably.
• Comparison of the results with those of Q = s (hy-
perons) analyzed in Ref. [17] reveals that the shifts
in the scalar and vector self energies in ΣQ and ΛQ
channels are grater than those of the hyperons. In
Ξ channel, however, we see an inverse situation.
At the end of this section, we would like to discuss the
density dependence of the results. Note that in above
analyses we have used the linear density approximation
in operators listed in table II and the saturation density
ρsatN = (0.11)
3 GeV 3 to obtain the numerical results. As
an example, we plot λ∗Λb/λΛb versus ρN/ρ
sat
N at the aver-
9FIG. 5: The mass of the Σb baryon (left panel) and the Σc baryon (right panel) versus M
2 in vacuum and nuclear medium at
average values of s0 and x.
FIG. 6: The residue of the Σb baryon (left panel) and the Σc baryon (right panel) versus M
2 in vacuum and nuclear medium
at average values of s0 and x.
FIG. 7: The vector self-energy of the Σb baryon (left panel) and the Σc baryon (right panel) versus M
2 in nuclear medium at
average values of s0 and x.
age values of auxiliary parameters in figure 11. λ∗Λb/λΛb
better represents the density-dependence of the OPE for
the structure 6p (see Eq. (18)) normalized by a constant,
i.e. λΛb (residue in vacuum) as it is proportional to the
function B̂ΠQCDp not any ratio of two OPE expressions.
From this figure we see that the dependence of the quan-
tity λ∗Λb/λΛb on density is roughly linear and it decreases
with the increasing the density, considerably.
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FIG. 8: The mass of the Ξb baryon (left panel) and the Ξc baryon (right panel) versus M
2 in vacuum and nuclear medium at
average values of s0 and x.
FIG. 9: The residue of the Ξb baryon (left panel) and the Ξc baryon (right panel) versus M
2 in vacuum and nuclear medium
at average values of s0 and x.
FIG. 10: The vector self-energy of the Ξb baryon (left panel) and the Ξc baryon (right panel) versus M
2 in nuclear medium at
average values of s0 and x.
IV. CONCLUSION
In the present study, using the interpolating currents
with an arbitrary mixing parameter, the in-medium sum
rules are utilized to calculate the shifts in the mass and
residue as well as the scalar and vector self-energies of
the heavy ΛQ,ΣQ and ΞQ baryons. Imposing the con-
ditions of OPE convergence and pole dominance, we
found working regions of the auxiliary parameters en-
tered the calculations. The obtained results reveal that
the shifts in the masses of Λb,c are found to be pos-
itive, while the shits in the residues of these baryons
11
FIG. 11: λ∗Λb/λΛb versus ρN/ρ
sat
N at the average values of
auxiliary parameters.
as well as the shifts in the masses and residues of the
Σb,c and Ξb,c baryons are obtained to be negative. Both
the b and c baryons are considerably affected by the
medium. The maximum shift in mass due to nuclear
medium corresponds to the Σc baryon with the value
∆mΣc = −936MeV . In the case of residue, it is obtained
that the residue of Σb baryon is maximally affected by
the nuclear medium with the shift ∆λΣb = −0.014GeV 3.
The scalar and vector self-energies are obtained to be
ΣSΛb = 653 MeV , Σ
S
Σb
= −614 MeV , ΣSΞb = −17 MeV ,
ΣSΛc = 272 MeV , Σ
S
Σc
= −936 MeV , ΣSΞc = −5 MeV
and ΣνΛb = 436±148MeV , ΣνΣb = 382±129MeV , ΣνΞb =
15±5MeV , ΣνΛc = 151±45MeV , ΣνΣc = 486±144MeV
and ΣνΞc = 1.391± 0.529 MeV . Our results in the limit
of ρN → 0 are in a good consistency with the exper-
imental data and existing theoretical predictions. We
observed that, because of their quark contents, the ΞQ
baryons are minimally affected by the nuclear matter of
up and down quarks in comparison with the ΛQ and ΣQ
baryons. Comparison of the results with those of hyper-
ons analyzed in Ref. [17] reveals that the shifts in the
scalar and vector self energies of ΣQ and ΛQ baryons are
grater than those of the hyperons against the Ξ channel,
at which the situation is inverse.
We performed our numerical analyses and obtained the
results in tables III-V using the linear density approx-
imation for different operators entered to the numeri-
cal calculations (see table II) and the saturation density
ρsatN = (0.11)
3 GeV 3. We discussed the dependence of
the results, as an example λ∗Λb/λΛb for the structure 6p, on
the nuclear density and found the dependence is roughly
linear and the quantity λ∗Λb/λΛb decreases by increasing
the density, considerably.
Within the working regions of the auxiliary parameters
the OPE nicely converges, the perturbative part exceeds
the nonperturbative one and the main nonperturbative
contribution comes from the two-quark condensate. The
two-gluon, mixed and poorly known four-quark conden-
sates have very small impacts on the numerical results in
the case of heavy baryons.
Looking at the obtained numerical results in the
present study at zero temperature (cold nuclear matter)
we conclude that the shifts in the parameters of the ΣQ
and ΛQ for both heavy b and c quarks due to nuclear
matter are considerably large and deserve experimental
investigations by different collaborations. The shift in the
central value of the mass of the Σc with 38% is maximal.
The shift in the residue of Σb channel with amount of
45% is the highest among the shifts in the central values
of residues. The vector self energies are also obtained to
be considerably large and experimentally measurable in
these channels. The parameters of ΞQ with both heavy
quarks, however, do not show considerably large shifts
due to nuclear matter. If we combine these results with
the results of Ref. [17] on the parameters of hyperons,
which also show considerably large shifts due to nuclear
medium especially in the case of negative parity hyper-
ons, we can say that the shifts in the parameters of both
heavy and light spin-1/2 baryons are overall remarkably
large and experimentally measurable. These results may
shed light to the PANDA and CBM experiments, which
envisage to study the hyperons and charmed baryons
in T = 0 nuclear matter. The results of the present
study can be checked via different phenomenological ap-
proaches as well. To compare the results with those of
the heavy ion collision experiments, one need to add the
effects of finite temperature to the results obtained in the
present study.
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Appendix: Correlation functions in terms of quark
propagators for different heavy baryons
In this Appendix, we collect the results for correlation
functions in QCD side obtained after insertion of the in-
terpolating currents and contracting out the quark fields
in OPE side. For the function ΠOPEΛb we get
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ΠOPEΛb = −
i
6
ǫabcǫa′b′c′
∫
d4xeipx
〈
ψ0
∣∣∣{(2γ5Sca′b (x)S′ab′u (x)Sbc′d (x)γ5 + 2γ5Scb′b (x)S′ba′d (x)Sac′u (x)γ5
+ γ5S
ca′
d (x)S
′bb′
b (x)S
ac′
u (x)γ5 + 2γ5S
ca′
d (x)S
′ab′
u (x)S
bc′
b (x)γ5 + γ5S
cb′
u (x)S
′aa′
b (x)S
bc′
d (x)γ5
+ 2γ5S
cb′
u (x)S
′ba′
d (x)S
ac′
b (x)γ5 − γ5Scc
′
u (x)γ5Tr
[
Sab
′
b (x)S
′ba′
d (x)
]
− γ5Scc
′
d (x)γ5Tr
[
Sab
′
u (x)S
′ba′
b (x)
]
− 4γ5Scc
′
b (x)γ5Tr
[
Sab
′
u (x)S
′ba′
d (x)
])
+ β
(
2γ5S
ca′
b (x)γ5S
′ab′
u (x)S
bc′
d (x) + 2γ5S
cb′
b (x)γ5S
′ba′
d (x)S
ac′
u (x)
+ γ5S
ca′
d (x)γ5S
′bb′
b (x)S
ac′
u (x) + 2γ5S
ca′
d (x)γ5S
′ab′
u (x)S
bc′
b (x) + γ5S
cb′
u (x)γ5S
′aa′
b (x)S
bc′
d (x)
+ 2γ5S
cb′
u (x)γ5S
′ba′
d (x)S
ac′
b (x) + 2S
ca′
b (x)S
′ab′
u (x)γ5S
bc′
d (x)γ5 + 2S
cb′
b (x)S
′ba′
d (x)γ5S
ac′
u (x)γ5
+ Sca
′
d (x)S
′bb′
b (x)γ5S
ac′
u (x)γ5 + 2S
ca′
d (x)S
′ab′
u (x)γ5S
bc′
b (x)γ5 + S
cb′
u (x)S
′aa′
b (x)γ5S
bc′
d (x)γ5
+ 2Scb
′
u (x)S
′ba′
d (x)γ5S
ac′
b (x)γ5 − γ5Scc
′
u (x)Tr
[
Sab
′
b (x)γ5S
′ba′
d (x)
]
− Scc′u (x)γ5Tr
[
Sab
′
b (x)S
′ba′
d (x)γ5
]
− γ5Scc
′
d (x)Tr
[
Sab
′
u (x)γ5S
′ba′
b (x)
]
− 4γ5Scc
′
b (x)Tr
[
Sab
′
u (x)γ5S
′ba′
d (x)
]
− Scc′d (x)γ5Tr
[
Sab
′
u (x)S
′ba′
b (x)γ5
]
− 4Scc′b (x)γ5Tr
[
Sab
′
u (x)S
′ba′
d (x)γ5
])
− β2
(
2Sca
′
b (x)γ5S
′ab′
u (x)γ5S
bc′
d (x) + 2S
cb′
b (x)γ5S
′ba′
d (x)γ5S
ac′
u (x)
+ Sca
′
d (x)γ5S
′bb′
b (x)γ5S
ac′
u (x) + 2S
ca′
d (x)γ5S
′ab′
u (x)γ5S
bc′
b (x) + S
cb′
u (x)γ5S
′aa′
b (x)γ5S
bc′
d (x)
+ 2Scb
′
u (x)γ5S
′ba′
d (x)γ5S
ac′
b (x)− Scc
′
d (x)Tr
[
Sba
′
b (x)γ5S
′ab′
u (x)γ5
]
− Scc′u (x)Tr
[
Sba
′
d (x)γ5S
′ab′
b (x)γ5
]
− 4Scc′b (x)Tr
[
Sba
′
d (x)γ5S
′ab′
u (x)γ5
])}∣∣∣ψ0〉.
(A.1)
Just by replacing the d quark with the s quark in the
above equation, we get the correlation function for the
Ξb baryon. For Π
OPE
Σb
we get
ΠOPEΣb =
i
2
ǫabcǫa′b′c′
∫
d4xeipx
〈
ψ0
∣∣∣{(γ5Sca′d (x)S′bb′b (x)Sac′u (x)γ5 + γ5Scb′u (x)S′aa′b (x)Sbc′d (x)γ5
+ γ5S
cc′
u (x)γ5Tr
[
Sab
′
b (x)S
′ba′
d (x)
]
+ γ5S
cc′
d (x)γ5Tr
[
Sab
′
u (x)S
′ba′
b (x)
])
+ β
(
γ5S
ca′
d (x)γ5S
′bb′
b (x)S
ac′
u (x)
+ γ5S
cb′
u (x)γ5S
′aa′
b (x)S
bc′
d (x) + S
ca′
d (x)S
′bb′
b (x)γ5S
ac′
u (x)γ5 + S
cb′
u (x)S
′aa′
b (x)γ5S
bc′
d (x)γ5
+ γ5S
cc′
u (x)Tr
[
Sab
′
b (x)γ5S
′ba′
d (x)
]
+ Scc
′
u (x)γ5Tr
[
Sab
′
b (x)S
′ba′
d (x)γ5
]
+ γ5S
cc′
d (x)Tr
[
Sab
′
u (x)γ5S
′ba′
b (x)
]
+ Scc
′
d (x)γ5Tr
[
Sab
′
u (x)S
′ba′
b (x)γ5
]
+ β2
(
Sca
′
d (x)γ5S
′bb′
b (x)γ5S
ac′
u (x) + S
cb′
u (x)γ5S
′aa′
b (x)γ5S
bc′
d (x)
+ Scc
′
d (x)Tr
[
Sba
′
b (x)γ5S
′ab′
u (x)γ5
]
+ Scc
′
u (x)Tr
[
Sba
′
d (x)γ5S
′ab′
b (x)γ5
])}∣∣∣ψ0〉,
(A.2)
where S′i = CS
T
i C with i = u, d, s or b quark and the
notation Tr[...] is used for the trace of gamma matrices.
The correlation functions for c-baryons are obtained by
the naive replacement b→ c.
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